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10	 INTRODUCTION
This report describes the work completed on the fuel spray
characterization of a variety of commercial fuel nJectors, as part
of a NASA Lewis Research Center Prograg of research and technology
development related to general aviation aircraft engines. Overall,
the program has the objective of establishing and demonstrating the
technology that can saf`e'ly reduce the fuel: consumption and emissions
o aviation piston engines.
i
Improvements in the combustion efficiency can be achieved
C through improvements to the fuel/air preparation prior to combustion.
There is a substantial influence resulting from the mean and turbulent
a
	
	 flow characteristics in the mixing chamber and in the combustion on
the energy release and pollutant formation. Thus, a thorough docu-
mentation of the fuel/air mixing including the droplet size distribution,
fuel droplet and air velocities, size-velocity correlations, number
densities and spatial, distributions are vital to the development of
energy efficient engines.
In the present report, eight commercial spark-ignition engine
manifold port fuel injectors were tested at five test conditions each.
a
r
	
	 Three of the simulated manifold test conditions were idle, takeoff, and
cruise for all eight injectors. The remaining two test conditions
F
varied depending on the type of injector being tested. Data were obtained
at sixty spatial locations for each injector test condition. The Spectron
Droplet Sizing Interferometer (DSI) was utilized in the acquisition of
those data which included the size and velocity distributions and the
-1-
size-velocity correlations. These data are unique in that previous
nonintrusive techniques could not provide simultaneous size and
velocity measurements in high number density sprays.
A brief description of the measurement technique is given in
the next section along with that of the test facility. The test
procedures and data acquisition matrices are also documented in this
section. Coomento and discussion of the-data are given to assist
the user in evaluating the data and to provide explanations of any
discrepancies. Some recommendations for future work are also given.
i
c
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2.0	 APPARATUS DESCRIPTION
In the following seetionev the instrumentation, test rigp and
fuel injectors are described.
2.1	 Droplet. Sizing interferometer
The droplet sizing interferometer (DSI) was devised by Bachalo
(Appendix II) to fulfill the need to sake simultaneous droplet site and
li
	
velocity measurements in high number density sprays This method is
I
	
	 essentially a laser Doppler velocimeter with the additional capability
of 'being able to measure the droplet size. Figure 1 is the optical
configuration required in the utilization of the technique. Briefly,
the laser beam is partitioned into two equal intensity beams and then
focused to a crossover region. Light scattered by droplets passing
through the crossover region is collected by the receiving system situated
at some off-axis angle (e.g., 30'). The intersection of the image of the
photomultiplier tube.aperture and the focused beams forms a very small
probe cross -section allowing measurements in high number density sprays.
i
A detailed description of the method is given in the paper included in
Appendix II
With this method, the droplet velocity is determined from the
Doppler period (high frequency component) of the signal (Vgure 2) using
the following expression
U(d, t) • ,d fD	 (1)
where d is the interference fringe spacing in the probe volume and fD
is the Doppler frequency. Droplet size is obtained from the same signal
{
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by measuring the signal visibility which is the ratio of the Doppler
component (Figure 2 to the pedestal component. The visibility is then
related to the diwirsionless parameter, d/d. In addition to producing
the measurement of the,size and velocity for each droplet passing
through the probe volume, the size determination is not affected by
attenuation of the laser beam or the scattered light. This is an
important feature when measuring in dens* sprays and combustion environ
Bents.
2.2	 Measurement Capabilities
Velocity
The measurement of the gas phase and droplet velocities in cold
sprays with the Dal instrument produced by Spectron Development Labors-
tores is relatively straightforward. Gas phase velocity is obtained
by measuring the period of the Doppler burst signal obtained from small
particles (1-2 um) that will adequately respond to the turbulent fluctu-
ations of the gas phase. When obtaining these measurements in the presence
of fuel sprays, the simultaneous measurement of the particle size is re-
quired. Otherwise, it is impossible to separate signals from droplets
which may not respond to the gas phase motions. The on-line signal
processing and data management computer is capable of storing the size	 {,
3
9
and velocity of each droplet passing through the measurement volume at
rates as high as 10,000 sec. These data pairs are stored directly in
memory and later analyzed to produce the droplet and gas phase velocities
i
and the size-velocity correlations,	 1
1
i
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By orientating the interference fringe pattern in two orthogonal
directions, the streanwise (U) and transverse (V), velocity components
can be determined. With the additional size information, the accumulated
velocities can be separated by size increment. Thus, U(d iA t), V(di,t)
are obtained where the di are the droplet size Lntremants and t indicates
that these are instantaneous realizations. AssuxLng that the air flow
and spray velocities are statistically stationary, the time averages are
used to obtain the mean and rms fluctuating velocity for each size increment.
That is
N
	
U (di)	 Uj (di3O	 (2)
3-1	 N
N2 	
j'^	 U 2, (d ^t) ^ U (d ,) 1/2
and <U (di)>	 U1 (d rt) L^ (iL i	 i	 (3,
	i 	 N	 I
J'l
a
a
"typically, 3 0 000 instantaneous droplet measurements are used to produce
the probability density, distributions used.
The measurement of the transverse velocity components and in
recirculation regions usually requires frequency shifting. Frequency
shifting causes the interference fringe ;patterns to appear to move at
the shift frequency. This frequency offset allows the measurement of
the small traverse velocity component and the resolution of the directional
ambiguity in recirculating flows. With frequency shifting the velocity is
i 	 -7-
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(f (di ► t) 	 fs
U (di' t) =	 2 sin e/2
where fD is the Doppler frequency and fa the shift frequency.
Droplet Size
The individual droplet size measurements are accumulated in 1{
histogram form to obtain the size distribution and the various mean
diameters. Various mean diameters used in spray analysis including
the linear, surface, volume, and Sauter mean diameters are obtained
from the following expression:
1
N	 q-p
diq
aQP	
i=1	 (5),
L.r	 pdi
i
i
For example, d10 is the linear mean and d32 is the Sauter mean 	
M
diameter.
Fuel flow or droplet number density can also be evaluated since
the measurement cross-section is defined and the number and size of
a
f
particles passing the measurement cross-section per unit time is measured.,
i
{
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Simultaneous measurement of the droplet sire and ve^.a,4;Aity of
the droplets allows evaluation of tit& droplet sixia-volocity corrolai-
tions. These data describe the nepotist of the various droplet sixes
to the prevalent gas phase ceuditions. Response of tilt relative droplet
sizes can be used, for example d to activate the probability of downstream
droplet collision* and the relative droplet Reynolds number, High rela-
tivo Reynolds number will induce circulation -within the droplet which in
turn increases the host exchange and reduces tit* chance of dro plet availo-
ration. Tilt velocity of tit* gas phase relativd, to the 
fuel 
will increase
the local oxygen supply to the fuel and the 'removal of tit* vaporized
fuel from around the fuel droplet.
2,3	 Description Of the Test Facility
The test rig and facilities for this program vare provided. by
tha, General Electric Aircraft Engine, Group. Because of the high VOL.,
metric flowrates required in this taste the General Electric, facilities
wart doomed most suitable.
A schematic drawing of tilt& fuel injacto'c test -rig is presented
in Figure 34 photographs of tilt test rig installed in the combustion
laboratory test call are pr6aent4d in. Figures 4 and 5. Tilt toot section
assembly consisted of an inlet transition duct, a Aquare toot section and
an exit transition duct that was identical to tilt inlet duct. A, design
drawing of the transition section is presented in Figure 6. This duct
vat 18 inches long with all 8-inch dismieter pipe flangt at the inlet and
and a 10-inch square _
 section flange at the exit Ond of tho, duct. The
toot section drawing is presented in Figure 7. This section was 10 inches
square and 24 inches long with two 8-itich, by 11-inch rectangular windows
I
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on opposite sidewalls. Optical quality glass is used for the windows
with a surface flatness of one-half wave length per inch.
A standard ASME orifice plate was used to measure the airflow
entering the test rig. The airflow then passed through a large filter
to remove all tracts of oil from the air- ahead of the test rig. The
fu injectors were mounted in a streamlined fuel injector holder thatel 
_ ^	 on..	 j
was designed to minimize wake regions downstream of the fuel injection
t
point. This holder design is illustrated in Figure 8.
r
Fuel pressure and fuel temperature were measured at the entrance
to the test rig. Airflow, total pressure, static pressure, and total
temperature were measured at the fuel injection plane.
After leaving the test section, the fuel and air mixture. turned
through a 90-degree pipe section and passed through a straight pipe to
a steam ejector which was used to obtain low pressure levels in the test
section. The fuel-air mixture then passed through a fuel scrubber stack
to remove the fuel before the flow was exhausted to the atmosphere.
Liquid fuel from the test section was continuously drained through a
fuel drain valve ahead of the 90-degree pipe section.
e
3
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3.0	 PROCEDURE
	
3.1	 Fuel Analysis
The fuel was purchased in a lot of 500 gallons. Commercial
trade 100/130 octane aviation fuel was acquired for the test as specified
in the aFP. Tests were conducted by General Electric personnel to obtain
the specific gravity, viscosity and the surface tension of the fuel at
75'F. In addition, the index of refraction which was required for the
droplet size measurements was also measured. The fuel analysis results
are given below as Table 1.
TABLE 1
GRADE 100/130 AVIATION GASOLINE
Values at 234% (75'F)
Specific Gravity
	 0.6895
Viscosity	 6.2 x 10-7 m2/s
'	 Surface Tension
	
2.1 x 10 2 nt /m
Refractive Index
	 1.3906
3.2
	
Nozzle Calibration
The eight (8) fuel injectors were individually tested to
determine fuel pressure when a fuel.flowrate was specified or flowrate
when a fuel pressure was specified. These tests were done in the G.E.
Nozzle Test- Laboratory with the results tabulated in Table 2.
`r
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TABLE 2
FUEL FLOW FUEL PRESSURE
TEST lb/hr psis
JOINT
_
INJECTOR ,^ k	 hr (nt/m2)
1 1.2
(2.6) (e
2 11.6 4.5
(25.6) (3.1 x 104)
3 BENDIX-74151 20.0 7.0(4.8 x 104)(44.1)
4 1.2
(2.6) (*)
5 11.6 4.5
(25.6) (3.1 x 104)
6 1.3
(2.9) (*)
7 13.0 2.5
(28.7) (1.7 x 104)
8 TCM-6:308-13E 24.0 8.2
(52.9)> (5.7x 104)
g 1.3 *'
(2. g ) (*)
10 13.`0(28.7), 2.5(1.7 x 104)
11-15 BENDIX-1606771 39.7
(87.5)
40.0
(2.8 x 105)
16-20 BENDIX-1607247 49.9 40.0
(110.0) (2.8 x 105)
21-25 LUCAS-073143 41.8 40.0
(92.2) (2.8 x 105)
26-30 SIMONDS-571341 221.0 80.0
(487.3) (5.5 x 105)
31-35 BOSCH-0437-502-004 10.0 48.0
(22.1) (3.3-x 105)
36-40 BOSCH-0280-150-=- 25.1 40.0
(55.3) (2.8 x 105)
*	 These values below sensitive range of the ;instrumentation
During the course of the tests, the injector condition given in
the test matrix (pressure or flowrate) was seta A turbine vane flow
meter was used to measure flowrates during the testing. The low flowrates
were achieved by utilizing a rotometer in the fuel line.
^, ...e..^ ............ ... .i .. ... ...Jr.. 	 . L,r_...,r..d+..n,a.w	 .^RL.'.... -a..w....,.,..^....^,...........rm..rw....r+..«.....^,..,...............w......,..^.......... ... ..	 _	
_
itl	 3.3	 Airflow Uniformity Test
Tests were conducted early in the program to insure that the
airflows generated in the test .rig were uniform across the test section.
A pitot probe was used for this test. The results of that test are
given in the included matrix (Table 3).
Additional tests were made which showed that some of the desired
air velocities (225 f /s, 260 f/s) could not be achieved in the toot rig
due to the prohibitive air mass flows required. Since shear between
the airflow and the injector droplets is dependent upon their relative
velocity, a method of increasing the air velocity was devised. The
rig was fitted with a close mesh screen at the inlet to the 10" x 10"
test section. The screen had a b" diameter hole in its center to allow
free flow of air in the vicinity of the nozzle while restricting the air-
flow at the periphery of the test section. This resulted in non-uniform
flow at the plane of the nozzle, but increased air velocity near the
nozzle exit.
F
	3.4	 Nozzle Test Matrix
Tests were made on eight (8) fuel nozzles with five (5) different
operating eonditions on each, The fuel/air preparation test matrix is
shown in Appendix I, representing the forty (40) injector test points.
At each tes1 t point, data was taken at six (u) horizontal planes represent-
ing varying down.?Cream distances from the injector exit. In each plane,
ten (10) individual spatial points were selected to represent the spray
condition in 'that plane. At each spatial point, 3,000 data samples were
taken for both droplet size and velocity.
_a
:.	 -19-
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TABLE 3
NASA-LEWIS INJECTOR TEST RIG
F
Psi "N20 F' PPS
80 60 45 2.0
	
-^	 AIR INLET ---0-
	
pT 	 An	 T	 ►dn Orifice (Shop) 2.416"
PROBE TUNNEL PRESSURE LOCATION (91N20)
d
POS.
_
1.	 t 2. ii
331f !
4" 500 6n
_
701 $00 goo
.5- 7.0 68 6,8 6.8 6.7 68 6.8 6.8
I
6.9
1.0 6.9 6.8 6.8 6.8 6.8 6.8 6.9 6.9 6.9
1.5 7.0 6.9 _6.8 6.8 6.8 6.8 6.9 6.9 6.9
`	
2.0 7.0 6,8 6.8 6.9 6.9 6.9 6.9 7.0 6 .9
2.5 6.8 6.8 6.9 6.9 7.0 6.9 7.0 7.0 6,9
3.0 6.9 6.8 6.9 7.0 7..0 7.0 7.1 7 .1 71	 j
3.5 6.8 6_.9 6.9 7.0 7.0 6.9 71 7.2 7,3
4.0 6.9 7.0 6.9 7.0 7.0 7.0 7.2 7.3 7.3
4_.5 7.1 7.0 7.0 7.0 7.1 7.1 7.2 7.4 7.4
5.0 7.0 6.9 7.0 7.0 7.1 7.1 7.2 7.4 7.5
5.5 6.8 7.0 7.0 7.0 7.1 7.1 7.3 7.4 7.5
6.0 7.0 7.0 7.1 7.1 7.0 7.2 7.3 7.5 7.6	 1
6.5 6.9 6.9 6.9 7.1 7`.1 7.2' 7.3 7,4 7.6
7.0 7.0 6.9 6.9 7.1 7.0 7.1 7.3 7.5 7.6
7.5 6.9 6.9 6.9 7.1 7.1 7.1 7.3 7.5 7.6'
8.0 6.9 6.9 6.9 7.0 7.1 7.1 7.3 7.5 7.7
8.5 70 6.9 7.0 7.0 7.0 7.2 7.4 7.5 7.7
9.0 6.9 6.9 7.0 7.0 7.1 7. 2 7.3 7.3 7.6
9.5 6,8 6.8 6.9 7.0 7.1 7.1 7.3 7.2 7.4
10.0 6.8 6.9 6.8 6.9 7.0 7.0 7.2 6.9 7.1,_
Ps -
("H 620 5 6.5 6.5 6.5 6.5 6.5 6.5 -6.5 6.5
-20-
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The injector test points were chosen to simulate various piston
engine operating conditions. Changes in furl flow, fuel pressure,
tunnel air pressure, tunnel air speed, and shroud air pressure were
made to compare injector atomisation over portions of the IPA five-mode
aircraft operating cycle. The injectors were standard, commeretally
available models; 4 mechanically operated and 4 electrically operated.
The electronic notzlec vase rum with the required operating voltage
constantly applied during the test (injector always open).
The test planes below the injector exit were nominally 0.5", 1.0",
1.5", 2.0", 3.011 , 4.0" Within each plane, 10 spatial locations were
selected by the operator to most fully describe the flow in the plane.
Spray boundaries in at least two directions were made with the remaining
points distributed along one or two radii of the spray. At times, 	 {
complete non-symmetry of the spray made the best selection of spatial
points difficult.
E,
t
n
E
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	4.0	 RESULTS'
	
4.1	 Test Point Conditions
The fuel/air preparation test matrix is found in Appendix I.
along with the actual settings of the nozzle test rig and readings of
the rig flow instrumentation. Abbreviation of the test points occurs
throughout the results. These abbreviations are explained in Table 4.
The test rig airflow was set by way of pressure drop across an orifice`
plate. Air mass flow was read from the orifice calibration curve. Test
section diagnostics (total pressure, static pressure, temperature) were
mm,,de at the nozzle exit plane simultaneously on opposing (North, South)
walls. Fuel, flow was set by pressure or flowrate as mandated by the
test matrix. A turbine vane flowmeter was placed in the fuel line to
i
measure fuel flow. Its calibration curve gave lbm/hr fuel as a function
of vane rotations/second.
3
1
1
i
.	
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9 TABLE 4
F
a TEST POINT NOMENCLATURE
TEST ABBREVIATED
`	 POINT NOMENCLATURE INJECTOR
1, BI
2 82 BENDIX - 741513
4
B3
84 Air-Assisted, Mechanical
5 Su
6 T6 a
7
8
T7
T8 TCM - 63308-13E	 {r Air-Assisted, Mechanical
9 T910 T10
i
it Bll
12 812 BENDIk - 160677113 B13 Electronic
14 B14
15 B15
16 B1Ci
17 B17 BENDIX - 160724718 B18 Electronic19 B19f	
20 B20
21 L21
22 L22 YUCAS ;- 07314323 L23 Electronic24 L24
25 L25
26 S26
_27 S27` SIMMONDS - 57134128 S29 Mechanical P ntle29 S29
30 S3Q
31 B031
32 B032 BOSCH -`0437-502-00433 B033 Mechanical Pintle34 B034
35 B035
'	 36 B036
37 B037 BOSCH - 0280-150-15138 B038 Electronic39 B039
40 B040 ~	 z
-23-
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4.2	 Individual Spatial Data	 a
3
This data is found on a point-by-point basis in the Cooprehensive
Data Report (SDL No. 80-2122-13C). The droplet size data is both plotted
and listed on each printout. Also found on the computer listings are
the various mean diameter calculations and the size-velocity correlation
results. The listings are explained in Figure 10 and the formulae for
the mean calculations are given in Figure 11.
80=-21-22-137-25 a
^s SERIES refers to the
Data of Data Acquisition test point condition(81-3040)
Parawters of the Castscal 1
Confi urations ' ^ RUN refers to spatial
• locations as follows,: , ^.
Site Histogra' •
r	 IIArY COUNT - Maxiri• 	 i' fine RUN Z/X/Y
of the ordinate Z is the plane located
F	 This plot is giver. to Z inches downstream ofIllustration of th,.- Jll :- ;	 '•... the nozzle exit. w4
tribation.	 Quantir a} ive T '*
results are tabulated r Z ,Y are coordinates With- j
below. r in that plane given in
" millimeters (see Fig 9),
C	 .e
Muff
CD TS TOTAL COUNT	 Number of_
samples collected.
i All mean values
 given in
microns (see Fig 11) .
Velocities are given in
meters/second.
Tabulation of size :4 TOTAL RUNTIME - The time
► 	 Ma togram. data giving
^
required to acquire the 1
size (microns) and ^ data for this sun.
number of countsin
that size bin.
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NT TOTAL NUMBER OF BINS
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di 0 DIAMETER OF DROPLETS IN BIN
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4,3	 Planar Data
A suiomary of spatial data is prevented. in the planar plots of
the Comprehensive Data Report (SDL- No. 80-2122-13C). These plots show the
locations of the individual data points and restate the linear mean
diasieter and man velocity at each point. Points on the perisieter of
the spray field are denoted (sB) for spray boundary. Questionable data
are indicated b an asterisk O. These data are in doubt due ty	 *	 o errors
in acquisition or reduction, excessively high droplet number densities,
or the determination b the operator that the spray had not yet 'brokenP	 P_ Y
up into droplets. Also included on the planar data sheets is a simple
mean calculation meant to represent an average value for the entire
plane.
	
4.4	 Nozzle Averages
A further compression of droplet size and velocity data is given
in the nozzle averages of Table 5. This table allows a rapid com-
parison of planar averages for each nozzle along with nominal air
velocity and nozzle pressure drop for each condition. Air velocities
are concerted to meters/sec to compare with measured droplet velocities.
Also, the addition of an upstream screen to the test section inlet (see
Section 3.3) should have had a large effect on air velocities although
this effect was not characterized.
Of the 40 nozzle conditions investigated, only test point 4
failed to produce an atomized spray. As such, no data was obtained
from this condition and no results appear in this section.
r
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r TABU 5a.Nozzle, Averages
f	 5^ TEST PLANE MEAN MEAN TEST_ PLANE NEAN MEAN
CONDITION- INCHES DIA.uM VEL. ' M S CONDITION INCHES DIA. VEL. MIS
B1, 4 34 22.0 812 4 120 32.0
AP09.0 Pala
3 40 24.0
Ap•46.8 psis 3 126 26.6.
V•16.7 m/s 2 43 27.0- V33.S a/@ 2 124 23.41.5 45 31.0 1.5 135 20.4
1 45 32.0 1 125 18.1
.5 DENSE SPRAY . 5 124 17.1
B2 4 55 60.8 B13 4 101 58.1
r Ap-7.2 psi& 32
55
SS
57.1
45.8 Ap-43.9 paia
3
2
100
108
47.1
37.8}	 V-68.6 m/s 1.3 55 40.0 V-68,45 1.5 108 29.7
i 1 52 33.0 1 106 25.6
•5 50 18.0 .S - 16.8
B3 4 60 56.2	 - B14 4 102 56.7	 {
Ap-7.9 pale 32
58
58
53.0
46 .3 Ap;38 .0 psis
3
2
104
108
52.3
42.1
V-79.2 m/s 1.5 56 41.4' V.79.2 m/s 1.5 112 34.0
1 55 34.0 1 107 26.1
.5 53 17.4 S 110 16.0
B5 4 41 58.7 B15 4 116 15.7
dp-negligible 3'2
41
41
:56.0
47.2 P -'•40,0	 ai&p
3
2
116
116	 `
15.2
14.8
'	 V-68.6 We 15 40 42.3 V-22.0 mI8 1.5 114 14.7	 i
1 36 27.3 l 115 14.5
.5 - 26.0
.5 109 14.5
T6 4 43 15.1 B16 4 117 19.1
Ap-3.6 paia 2 40 13 . 3 3 117 18.0
V-16.7 m/s Ap-49.8 psi& 2 1,10 17.1
T7 4 57 58.6 V-16.7 IDI8 1.5 106 16.4
Ap-i! 1.8 psi& 2 55 46.0 1 108 15.9
.5 108 15.4V•^ 68' .6 m/s.
k 44 51.5
-Bn,5.0 p gia 2 44 39.4 B17 4 107 32.0
•V 79.2 m/s
4. 29 9.5' Ap-46.8 to'&
3
2
111
112
27.4
25.7
ApuRnegligible 2 32 8 . 4 V-33.5	 8 1.5 119 23.8
V-16.7 m/s 1 114 16.7
T10 4 57 -60.7 .5 1.1 14.6
Ap-negligible 2 56 49.2
V-68.6 m/8 B18 4 105 54.3
'	 X11 4 111 21.8 3 106 50.8
3 119 20.4 Vp683  nis
MIS 2 113 36.5
p49	
paia
'	 A
-49 . 8
m/8 2 114 19.7 1.5 114 32.01.5 111- -19.2 1 118 26.0
1 112 19.0 .5 114 16.3
s
.5 112 19.0
-^
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TABLI 5b Nossls Averages
TEST PLANE " '$N MEAN TEST PLANE MEAN
;t
)BAN
CON INCHES ^ "`	 I VEL. (NIS) CONDITION INCHES DIA.UM VEL. (M/S
B19 4 52.4 4 87 23.3
6pw38 .0 psis _3 ;. 51.0 6p=89 .8si•p 3 92 23.7
V•79.2 m/s 2 38.4 V-16.7 s/a 2 92 22.1	
ri
1.5 33.8 1.5 95 17,8
.1 1,'J 26.8 1 96 L.:17.2
'
.5 1-:o 16.0 .5 90 23.-2
B20 4 _1:.,'3,r 13.5 S27 4 ZS 38.8
Ap•40 psis
3 122 12.6 pp•86.8 psi& 3 31 36.0
V-22.0 Wa
2 123 12. V•33.5 Wil 2 25 34,21.5 128 11.5 1.5 30 28.0?
1 119 11.8 1 30 24.2N
.5 105 11.2
_.5 28 19.,1
I i+?.3 4 111 30.	 _ S2 8 4 11.0 54.;4
Ap-49 . 8 Asia
3
2
ill
111
27 6
23.6 Ap-83.9 psis
3 116 5004
V=16.7 m/s 1.5 111 22.1 V^68.6	 s
2
1.5
101
101
48.4
46.4
1 126 19.8 1 104 31.5	 j
.5 11.2 18.2
.5 97 25.7	
_a
_	
L22 4 109 36.7 S29 4 97 55.0	 I
Ap-46 . 8Asia 32
102
99
35.2
30.6 Ap;78 psis
3 97 51.1
Vw33.5 m/s 1.5 100- 27.3
V.79.2 m/s 2
1.5
96
100
47.0
38.0
1 108 22.1 1 120 29.7
.5 103 17.8
.5 130 22.6
L23 4 106 62.2= S30 4 41 15.2
^p^43.9 psis 32
104
-111
57.7
48.7 ^p^80 psis
3
2
40
44
15.2
14.8Vm68.6 m/s - 1.5 117 41.0 V.22.0	 m/s 1.5 40 14.3
1 108 29.8 1 39 13.4
.5 _ 18.6
.5 42 13.7
L24 4 106 58.6 B031 4 40 19.7
'	 Ap-38 . 0 psi&-
3
2
107
112
53.7
42.E Dp-57 . 8 psi&
3 38 18.2 j
V-79.2 m/s 1.5 109 35.6 V-16.7 m/s
2
1.5
41
26
15.7
14.1
1 110 26.6 1 29 13.5r
.5 113 16.7
.5 36 12.1	 €
L25 4 116 14.8 B032 4 28 37.5
Ap-40 psis
3
2
116
110
14.4
14 . 1 Ap;54.S	 sia
3
2
31 32.9
Vs22.0 mis 1.5 -104 13.6 V- 1.5
32
32
26.6
22.2
1 106 13.7 1 32 18.9
.5 99 14.3
.5 35 14.1
' -29-~
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TABU Sc. - Nozzle Averages
s
TEST PLANE HUN N TEST PLANE MEAN: MUM
CONDITION INCHES DIA.VAM CONDITION INCHES, DIA41M VEL. N/S
B^33 4 SS 62..8 8040 4 123 14.8
Ap•51.9 psis 3 53 594 Ap•40 psi& 3	 __1 115 14.9
V•b8.6• 2 53 47.;8 V•22.0 Ala 2 114
14.4
15 52 42:5 1.5 110 14.6
1 55 32.;1 1 94 13.3
.5 51 25:6 .5 9.1 12.3`
B034 4 55 59.2E
Ap-46 psi& 2 53 47.6V•79.2 m/s 1.5 55 47.0
1 52 38.7
.5 52 29.5
B035 4 31 12.2 I
Ap•48 psi& 3 33 11.3
V-22.0 m/s 2 33 10.11.5 32 9.4
1 35 8.4
.5 36 8.7
a B036 4 94 21.6
r
Ap•49 . 8 paia 3 97. 20.T
V•16 7 m s 2.5 100 19.82 108 20.1
1.5 105 18.6
1 99 18.0
B037 4 104 36.4
Ap•46.8 psia 3 101 34.3
V•33.5 m/s 2 102 31. 41.5 103 28.4
1 100 23.6
.5 83 14.8
B038 4 125 59.7
Ap•43.9 psia 3 133 54.8
` V•68.6 m/s 2 120 41.11.5 131 35.8
1 125 28.8
.5 129 17.9
B039 4 102 56.2
Ap-38.0 psia 3 107 52.1
V-79.2 m/s 2 122 40.51.5 123 34.8
1 121 - 29.9
.5 - 17.3
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4 n 5	 Selected Phot 1raPhs
Individual photographs of several toot conditions were taken
just prior, to droplet data a6quisitiot6, Those photographs appear on
the following pages (Fi&ur* 12). Equipment probleims prevented photo-
graphs of every test condition from being presented.
: 
^
B1
	 B14
B18
	
B19
FIGURE 12 (a) . NOZZLE SPRAY PHOTOGRAPHSt IRICNAL PAGE; L,
-32-	 OF I-N>XiR Q[;ALI*n*
80-21??-13F-33
L2 1
	 L 2 2
L23	 L24
FIGURE 12(b). NOZZLE SPRAY PHOTOGRAPHS
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L25	 S26
80-2122-13F-34
80-2122-13/-35
x031	 B031
B032
	 B035
FIGURE 12(d). NOZZLE SPRAY PHOTOGRAPHS
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5.0	 DISCUSSION
Droplet diameters ranging from 9 to 240 microns were encountered
In the 40 nozzle test conditions. Droplet velocities from 8 to over 60
r
+r-. ers/see. were measured. Nominal air velocities are stated, but actual
air velocities were not determined for the modified entrance screen to
the test section (see Section 3.3). Air velocity effects on the spray
formation are apparent from several photos (e.g., B18 1, 819, L22, L24, B032,
B038). Although the nozzle support tube was designed with the aero-
dynamics of the flow in mind, the shedding of vortices off the convergent
section had drastic effects on the symmetry of the spray. It would have
been very difficult to provide a uniform coaxial airflow (at the desired-
velocities) with objects ) the size and shape of the injectors located
centrally to that flow.
For the purpose of this discussion, the results are categorized
by nozzle type: electronic, air-assisted mechanical, and mechanical
pintle.
Four (4) electronically operated injectors were investigated
(Table 6) All were nearly identical in-external design and all. were
operated in the same manner. A constant voltage (12, VDC) was applied
to each to open the injector. All 8- nozzles measured in these tests-
were operated with continuous flow. Transient effects, due to pulsating
fuel flow, on droplet size were not studied. The droplet size data
obtained for the four electronic injectors showed remarkable consistency.
No trends in size were observed with distance from the injector exit.
r
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Velocity data, however, generally increased with downstream distance.
Velocities at the 0.5" plane (very near injector exit) showed an
Increase with increasing nozzle pressure drop,
Two (2) air-assisted mechanical injectors were investigated
i
(Table 7). These nozzles required the addition of atomizing shroud
air mixed with the fuel in the injector body. These nozzles produced
significantly smaller sized droplets than the electronic nozzles. An
increase in shroud air pressure produced smaller droplets (e.g. T9).
Again, each nozzle produced nearly consistent droplet sizes at all
downstream planes and for most operating conditions. The smaller
droplets of these nozzles responded more quickly to the air velocities.
Data massing from Table '7 was not obtained due to a lack of time
to complete the experiment. Test point B4 did not produce a spray.
}
The fuel exited the injector as a jet without atomizing. Unfortunately,
photographs for the test conditions were unavailable.
Two (2) mechanical pintle injectors were investigated (Table 8).
e	 These injectors produced relatively different droplet sizes under different
test conditions. The nozzle pressure drop did not change significantly
between conditions. From the available photographs, the spray sheet of
test point S27 (Figure 12c) appears to be undergoing breakup is about one-
half the distance as the spray sheet of test point S26 (Figure 12c).
This effect may corrrelate with the difference in droplet size. Droplet
velocities are consistent with the nominal air velocities.
Experimental error cannot be rejected as a, possibility in explain-
ing'the size differences Data on test points S27, S30, B031, B032, and
zp
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B035 were obtained in the initial stages of tha test. There is rmason
to believe that the 5pectron visibility processor's prototype auto gain
control was not operating properly. The system was set by the auto gain
circuitry to be more sensitive to smaller droplets to the apparent ax-
elusion of larger droplets present iii the spray, This problem was corrected,
but this effect on data collected up to that time was not determined.
No error analysis of the data was provided beeause of time limits.-
" tions. Planned publication of synoptic results will include such analysis.
Heasureaents were completed on the droplet size and velocities
of commercial fuel injectors. 'Theis data were obtained under represents
Live operating conditions. The spatial droplet size, velocity and the
size-velocity correlations produced under this program represents a
unique characterization of spray nozzles that was, heretofore, unavailable.
Although there are some discrepancies in the results, described
in the discussion, the voluminous amount of data presented is in most
part believed to be accurate. Primarily, the early results were the
only data in question. The consistency in droplet size for the various
types of nozzles (electronic, air-assist mechanical, and the mechanical
pintle) was reassuring, 	 j
1
Some airflow instability affects were apparent in these measure-
ments. However, the airflow velocity did not produce significant changes
in the droplet size distribution, only in their velocity. In future
measurements, it would be useful to better model the manifold or other
nozzle environment.i
	
The Droplet Sizing. Interferometer experienced little difficulty
in producing the spray size and velocity measurements. Under some condi-
tions of inefficient atomization, the size distributions at the 0.5 inch
station were suspect. This was in part due to incomplete breakup of the
fuel ligaments and in part due to excessively high number densities,'
Future measurements of both the air and the fuel velocities would be
useful to evaluate air -fuel mixing. Also, more complex fluid dynamics{
-43
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consisting of swirling flows should be studied.	 In these applications,
frequency shifting should be used to resolve reversed flows and to more •
accurately determine the radial velocity component. 	 Overall, the measure-,.
went technique was proved to be capable of providing complete spray
characterization data.
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